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E-mail address: jdc@yorku.ca (J.D. Crawford).Numerous studies have investigated the phenomenon of egocentric spatial updating in gaze-centered
coordinates, and some have studied the use of allocentric cues in visually-guided movement, but it is
not known how these two mechanisms interact. Here, we tested whether gaze-centered and allocentric
information combine at the time of viewing the target, or if the brain waits until the last possible
moment. To do this, we took advantage of the well-known fact that pointing and reaching movements
show gaze-centered ‘retinal magniﬁcation’ errors (RME) that update across saccades. During gaze ﬁxa-
tion, we found that visual landmarks, and hence allocentric information, reduces RME for targets in
the left visual hemiﬁeld but not in the right. When a saccade was made between viewing and reaching,
this landmark-induced reduction in RME only depended on gaze at reach, not at encoding. Based on this
ﬁnding, we argue that egocentric–allocentric combination occurs after the intervening saccade. This is
consistent with previous ﬁndings in healthy and brain damaged subjects suggesting that the brain
updates early spatial representations during eye movement and combines them at the time of action.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
In order to interact effectively with our environment we must
frequently transform visual information about the locations of ob-
jects into directed motor actions, like reaching and grasping. There
are at least two general ways to encode the locations of targets in
visual space: relative to the self (egocentric coding) or relative to
other external landmarks (allocentric coding).
Egocentric information is always present in healthy subjects,
and many studies have shown that subjects can reach and point
with reasonable accuracy to remembered targets based solely on
egocentric cues (Batista, Buneo, Snyder, & Andersen, 1999; Blohm
& Crawford, 2007; Buneo, Jarvis, Batista, & Andersen, 2002;
Crawford, Medendorp, & Marotta, 2004). Interestingly, when per-
forming memory-guided reach to isolated peripheral visual targets,
a situation in which only egocentric information is available, sub-
jects tend to exaggerate target eccentricity (Bock, 1986; Henriques
& Crawford, 2000) – a phenomenon referred to as retinal magniﬁ-
cation error (RME). Moreover, if the subject makes a saccade after
target offset, but before reach, then the magnitude and direction of
RME depends only on ﬁnal gaze direction (Henriques, Klier, Smith,ll rights reserved.
n Research, York University,
+1 416 736 5857.Lowy, & Crawford, 1998). This, along with other behavioural and
neuroimaging data has been taken to suggest that the location of
an isolated visual target is maintained in a gaze-centered (egocen-
tric) reference frame, and is updated across eye movements within
this frame until a motor response is required (Fiehler, Rosler, &
Henriques, 2010; Khan, Pisella, Rossetti, Vighetto, & Crawford,
2005; Khan, Pisella, Vighetto et al., 2005; Medendorp & Crawford,
2002; Medendorp, Tweed, & Crawford, 2003; Merriam, Genovese,
& Colby, 2003).
In most natural situations visual targets are not isolated and
allocentric information can also be derived from the environment.
It has been shown that this type of information can have a strong
inﬂuence on remembered target location (Krigolson, Clark, Heath,
& Binsted, 2007; Krigolson & Heath, 2004; Obhi & Goodale,
2005). Here we investigate how allocentric information from visual
landmarks is integrated with gaze-centered egocentric information
that undergoes spatial updating during eye movements. In partic-
ular, it is not known whether allocentric information is integrated
with gaze-centered egocentric information at the time of viewing
visual stimuli, or whether these two sources of information are
combined closer to the execution of the movement (after updating
has occurred).
Studies examining the effects of allocentric information on
reaching would appear to suggest that egocentric–allocentric
integration occurs at the time of viewing to form a better overall
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Fig. 1. (A) Static gaze experiment. Gaze was directed initially to the ﬁlled white
ﬁxation dot that would remain present until the reach cue. A yellow, to-be-
remembered target disc would then appear with or without landmarks (ﬁlled blue
discs). Following a delay, landmarks would reappear if they were present during the
initial encoding phase. After the auditory reach cue, the subject had to maintain
their gaze at the location of the now absent ﬁxation dot (dashed white circle) while
reaching to touch the remembered target location (yellow dashed circle). (B)
Dynamic gaze experiment. Identical to the static gaze experiment, but the ﬁxation
dot would jump to its mirror horizontal location during the memory delay, thus
inducing a gaze shift.
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had subjects reach to remembered visual targets that were pre-
sented with or without landmarks. They found that response vari-
ance was lower when landmarks were present at encoding, even
though these landmarks were never visible at response. Similar re-
sults have been found by others (Hay & Redon, 2006; Redon & Hay,
2005). In contrast, the spatial updating literature tends to suggest
that cues for action are only put together ‘on demand’ just before
movement occurs (Henriques et al., 1998; Khan, Pisella, Vighetto
et al., 2005). Furthermore, since updating of gaze-centered infor-
mation across eye movements is thought to be a noisy process (By-
rne & Crawford, 2010; Prime, Niemeier, & Crawford, 2006; Prime,
Tsotsos, Keith, & Crawford, 2007), while allocentric information is
likely stable with respect to eye movements (Byrne & Crawford,
2010; Redon & Hay, 2005), it might be optimal for the brain to
maintain separate allocentric information about target location,
combining this with the gaze-centered egocentric information only
after the completion of any updating processes. In this work, we at-
tempt to determine the timing of egocentric–allocentric combina-
tion in the presence of eye movement-induced spatial updating.
Motivation for performing the current experimental design
arose from preliminary experiments in which we found an
asymmetry in the way that allocentric information from visual
landmarks combined with egocentric information during reach
(Byrne, Cappadocia, & Crawford, 2008). In particular, we found that
the RME can be reduced by the presence of visual landmarks (at
least for right-hand subjects reaching with their right hand), but
only when gaze is directed to the right of the target. Although this
asymmetry was unexpected, it was consistent with some previous
ﬁndings (e.g. Gentilucci, Daprati, Gangitano, & Toni, 1997; Ittyerah,
Gaunet, & Rossetti, 2007) and provided a way to address the
question posed here.
In the current study we had subjects complete two memory-
guided reach experiments. The static gaze experiment (Fig. 1A)
was nearly identical to the original Byrne et al. (2008) experiment
mentioned above. On any given trial, gaze-ﬁxed subjects simply
had to reach to the remembered location of a peripherally ﬂashed
visual target in the presence or absence of visual landmarks. Here
we simply expected subjects to demonstrate the spatially-asym-
metric, landmark-induced RME reduction that we had observed
previously. The dynamic gaze experiment (Fig. 1B) was identical
to the static gaze experiment except that subjects would make a
saccade during the memory delay, which would bring the remem-
bered target location from one visual hemiﬁeld to the mirror sym-
metric location in the other hemiﬁeld. Here we expected subjects
to show a spatially updated RME, but we did not know whether
the spatially asymmetric reduction in RME expected in the pres-
ence landmarks would also be updated with eye movement, or if
it would depend only on ﬁnal gaze. The former would imply the
use of allocentric information to generate a better gaze-centered
estimate of target location at encoding, while the latter would im-
ply combination after eye movement (alternative possibilities are
explored in Section 4).2. Methods
2.1. Participants
A total of nine right-handed human subjects participated in
both the static and dynamic gaze experiments; six males and three
females between the ages of 19 and 40. All subjects were naïve to
the design and purpose of the experiments. The order in which the
participants experienced these two experiments was counterbal-
anced. All subjects had normal or corrected to normal vision and
none of these subjects had any known neuromuscular deﬁcits.All subjects gave informed consent and all procedures involved
in the experiment were approved by the York Human Participants
Review Subcommittee.2.2. Apparatus and stimuli
Subjects were seated in total darkness with the head ﬁxed using
a bite bar apparatus with a personalized dental impression. The
heights of the seat and bite bar were adjusted independently so
that the nasal root was vertically and horizontally aligned with
the centre of a CRT display (Dell). The screen had vertical and hor-
izontal screen dimensions of 30 cm (1024 pixels) and 40.5 cm
(1280 pixels), a refresh rate of 60 Hz, and was situated 42 cm di-
rectly in front of the subject. In order to eliminate background
luminance (stimuli were presented on a black background in a
completely dark room) the CRT brightness was set to the minimum
setting and a light absorbing ﬁlmwas applied to the screen surface.
All stimuli were displayed on this screen, with the exception of a
beep that indicated when subjects were to reach. Two 40 Watt
desk lamps, one placed on either side of the CRT display, were also
P.A. Byrne et al. / Vision Research 50 (2010) 2661–2670 2663turned on automatically at regular intervals (see below) in order to
eliminate dark adaptation. Between trials the subject was in-
structed to return their ﬁngertip to a home location positioned ver-
tically just below the bottom of the CRT display screen,
horizontally just beyond the right of the screen, and within the
plane of the screen. At this location a metallic washer was ﬁxed
to an elevated platform upon which the subject’s arm would rest
comfortably.
Reaching responses were measured using a two camera Optot-
rak 3020 (Northern Digital) tracking system. These cameras contin-
uously recorded the 3-D positions of three infrared-emitting
diodes (IREDs) placed along the right index ﬁnger, with one near
the ﬁngertip, another approximately 1 cm more proximal along
the ﬁnger, and another approximately 1 cm further proximal. IRED
sampling frequency was set to 150 Hz. IRED position data from the
Optotrak was not ﬁltered. Gaze-direction was continuously moni-
tored with a sampling frequency of 300 Hz by a head-mounted
infrared eye-tracking system (EyeLinkII) that monitored the right
eye. Eye-tracking data was ﬁltered to remove rapid signal changes
corresponding to unnatural eye movement speeds of greater than
1000 deg/s. This was accomplished simply by removing the data
starting at the high speed movement onset and the point of return
to pre-movement baseline. The empty space was linearly interpo-
lated if it did not last more than 400 ms, otherwise the trial was
discarded. The same interpolation procedure was used to remove
eyeblinks.
All stimuli were generated with aWindows-based Pentium 4 PC
(Dell) using MATLAB 6.5 (The MathWorks) along with the Psycho-
physical ToolBox v3.0.8 (Brainard, 1997; Pelli, 1997). The to-be-
remembered target stimulus consisted of a single, ﬁlled yellow disc
with a diameter of 1 visual angle. When visible, this target was lo-
cated directly at the screen centre on 80% of trials, while it was
horizontally displaced by ±8 eccentricity (with positive being to
the right) on the remaining, randomly selected ‘‘catch” trials. These
catch trials were used to ensure that subjects did not simply learn
to reach to the screen centre, and were not included in ﬁnal
analysis.
Visual landmarks, which were present on a random 50% of tri-
als, consisted of four identical blue discs, each with a diameter of
1 positioned at the vertices of a virtual square with a 10 edge
length. On any given landmark-present trial this virtual square
was positioned so that the to-be-remembered target occupied a
random location within a smaller central square region of 40% of
the width of the full virtual square.
Visual ﬁxation during the experiment was controlled by means
of a ﬁxation dot, which consisted of a ﬁlled white disc with a diam-
eter of 0.4. On any given trial this ﬁxation dot would appear 1.6
below the vertical centre of the screen and at a horizontal eccen-
tricity chosen randomly from ±15, ±8, or 0. Given the central loca-
tion of the to-be-remembered target on all non-catch trials, these
ﬁxation dot eccentricities are also the target-relative gaze angles.
We chose a relatively limited number of ﬁxation angles because,
from our previous experiment (Byrne et al., 2008), we knew that
the effect we were looking for could be small and we wanted to ob-
tain as many trials as possible for each angle without overly taxing
subjects. The ﬁxation dot would always remain visible from the
beginning of a trial until presentation of an auditory reach cue
(see below). Subjects were instructed to maintain ﬁxation at the
location of the ﬁxation dot, even after its offset and throughout
subsequent reach.
2.3. Procedure
Both experiments began with a simple calibration session that
consisted of 20 trials in which the head-ﬁxed subject would reach
to touch a continuously visible yellow target disc. On any giventrial of this calibration session, the target disc would appear at a
random location within a circular annulus of inner radius of 11
and outer radius 13 centered at the screen center. IRED position
data in the Optotrak intrinsic coordinate system was then com-
bined ofﬂine with the known screen coordinates for the various
target presentations to generate a linear mapping between IRED
position and screen coordinates. This procedure eliminated the
need to place precisely the CRT screen relative to the Optotrak
coordinate system, and it eliminated the need to place precisely
and identically the IREDs on the ﬁngers of different subjects.
Each trial of the static gaze (Fig. 1A) and dynamic gaze (Fig. 1B)
experiments began with the subject ﬁxing their gaze on the ﬁxa-
tion dot for 2 s, which was randomly located within the constraints
outlined above, with their ﬁnger on the home location. After this
initial ﬁxation period, the to-be-remembered yellow target disc
would appear for 1 s. On a randomly selected 50% of trials, visual
landmarks, as described above, would also appear along with the
to-be-remembered target. After this 1 s encoding phase, both the
target and landmarks (if present) would disappear for a further
2.25 s. In the static gaze experiment, the ﬁxation dot would remain
stationary throughout the delay period and thereafter. However, in
the dynamic gaze experiment, the ﬁxation dot would jump to the
mirror symmetric eccentricity (i.e. its eccentricity would be multi-
plied by 1) at exactly halfway through the delay period and re-
main at that location thereafter. Thus, in the dynamic gaze
experiment subjects would encode the target and landmarks in
one visual hemiﬁeld, and would respond with the landmarks and
remembered target location in the other hemiﬁeld. Immediately
following the delay period, the landmarks would reappear at the
same locations as in the encoding phase if they had been present
at encoding. Following a further 1 s delay, the subject would hear
an audible beep and the white ﬁxation dot would disappear, while
landmarks, if present, would remain visible. Subjects would then
have to maintain ﬁxation at the location of the now absent ﬁxation
dot while simultaneously reaching to touch the screen at the
remembered location of the yellow target disc. Subjects were given
2.5 s to complete the reaching movement, at which time a second
audible beep would cue them to return their ﬁnger to the home
location. Between each trial the two 40W desk lamps placed on
each side of the CRT display would be illuminated for 1 s. Each sub-
ject completed a total of 250 trials, 50 of which were ‘‘catch” trials
as described above. Rest periods of 30 s each were given after every
block of 40 trials, and each trial was separated by a 1 s transition
period. Thus, the total time for each of the experiments, excluding
setup, was approximately 43 min.
2.4. Data analysis
All data analysis occurred ofﬂine using custom software written
in MATLAB (The MathWorks). Each trial from the calibration, the
static gaze, and the dynamic gaze experiments involved a reaching
response phase that began with a beep signalling the start of a
2.5 s movement period. This was followed by a second, return-sig-
nal beep, which indicated that the subject was to return their ﬁn-
ger to the home location. Any trial in which the subject’s ﬁnger
moved faster than 1 cm/s before the start signal was discarded.
In order to determine IRED coordinates for a given reaching re-
sponse the Optotrak-measured IRED positions were taken at the
ﬁrst point after peak velocity where the subject’s ﬁnger velocity
dropped below 5 cm/s.
In order to generate a mapping between IRED coordinates and
screen-relative coordinates of the ﬁngertip at the end of a reaching
movement, the known screen coordinates of the target presenta-
tions in the calibration sessions were regressed against IRED coor-
dinates determined using the averaging procedure described
above. This regression was a simple least-squares ﬁtting of an eight
2664 P.A. Byrne et al. / Vision Research 50 (2010) 2661–2670parameter linear model. Once the calibration parameters were
determined, IRED coordinates of a reaching endpoint could be
mapped to screen-relative coordinates for the control and main
experiment sessions. The ﬁtting procedure was carried out inde-
pendently for each of the three IREDs, and the IRED that generated
the ﬁt with the smallest Predicted Residual Sum of Squares (Allen,
1974) statistic was used to determine screen-relative reaching
endpoints in the subsequent main experiment session. This mea-
sure is more appropriate than a simple R^2 value because it mea-
sures the predictive ability of the ﬁt – exactly what we wish to
know.
During each trial, ﬁxation was deemed acceptable if gaze did
not deviate from the white ﬁxation dot by more than ±1 in the
horizontal or vertical direction while the dot was visible. After ﬁx-
ation dot offset, gaze was deemed acceptable if it did not deviate
throughout the reaching movement by more than ±2 in the hori-
zontal or vertical direction from the last location at which the ﬁx-
ation dot was visible.
We performed three main analyses separately for both experi-
ments, and one ﬁnal analysis to compare between experiments.
First, a 2 (landmark condition)  5 (gaze angle)  9 (subject ID)
mixed-model ANOVA (with subject ID as a random factor) was ap-
plied to the full target-relative reaching error dataset for each
experiment, where reaching error on a single trial was deﬁned as
the eccentricity of the reach endpoint on that trial (veridical
reaches would have terminated at the screen centre). Unfortu-
nately, this test alone is too general to address our speciﬁc hypoth-
esis, that landmarks should be beneﬁcial when gaze is directed
to the right of the target in the static gaze experiment, or to inves-
tigate whether or not updating of such an effect occurs in the
dynamic gaze experiment (recall updating would imply egocentric–
allocentric combination before eye movements, while no updating
would imply combination after eyemovements). Therefore, we also
performed a second analysis consisting of paired-samples t-tests to
compare mean reach errors between the two landmark conditions
at each gaze angle for each experiment. Although this analysis
should reveal the speciﬁc gaze angles at which landmarks affected
reach, it cannot tell us whether each subject’s mean reach was
actually better in their presence. In order to answer this question di-
rectly, we performed a third analysis in which we calculated the
absolute value of each subject’s mean reaching error at each land-
mark condition/gaze angle conjunction. We compared these values
between landmark conditions at each gaze angle for each experi-
ment using paired-samples t-tests tests. Although in principle the
set of absolute mean reach errors cannot be normally distributed,
Kolmogorov–Smirnov tests indicated that none of our distributions
deviated signiﬁcantly from normality, justifying our use of t-tests
here. The planned t-tests were corrected for multiple comparisons
using the stepwise Holm–Bonferroni procedure.
Finding a beneﬁcial effect of landmarks (reduced RME) for
rightward gaze angles in the static gaze experiment could imply
that landmarks actually did have a beneﬁcial effect there, or that
they produced symmetric beneﬁts across both target-relative gaze
directions (left and right) in combination with an additional sys-
tematic rightward reaching bias. In fact there is an abundance of
evidence suggesting that healthy human subjects attend differ-
ently to the left and right of objects and/or visual space. This phe-
nomenon, known as pseudoneglect (for a review, see Jewell &
McCourt, 2000), is typically seen in line bisection tasks where sub-
jects tend to bisect straight lines somewhat left of the veridical
center. If landmarks do affect reaching in our study, it could possi-
bly be via an alteration in the subjects’ estimates of ‘straight ahead’
or via a similar mechanism. In order to test this latter possibility
we subtracted each subject’s mean reach error at the 0 gaze angle
from all of their reaching endpoints. This was done separately for
each of the two experiments and each of the two landmark condi-tions so that any systematic reach bias induced by the landmarks
would be removed. We then performed the same paired compari-
sons described above on this transformed data set for both exper-
iments to conﬁrm our ﬁndings.
Depending on whether the brain combines landmark-based
allocentric information with egocentric information before or after
any intervening eye movements, the dynamic gaze data should be
quantitatively predictable from the static gaze data in one of two
ways. More speciﬁcally, the magnitude and direction of the RME
when reaches are performed to isolated targets (no-landmark con-
ditions in our experiments) depends only on target-relative gaze
direction at the time of reach. Thus, if combination occurs after
eye movements, landmark beneﬁts should occur at the same ﬁnal
gaze angles in the dynamic gaze experiment as for gaze angles in
the static gaze experiment. Moreover, if we deﬁne landmark beneﬁt
as the difference between reach error in the landmark and no-land-
mark conditions, then matching landmark beneﬁt from a particular
ﬁnal gaze angle in the dynamic gaze experiment with landmark
beneﬁt from the same gaze angle in the static gaze experiment
should produce data points that lie roughly along a straight line
with unity slope (with a positive correlation coefﬁcient). In con-
trast, for combination before eye movements, the landmark beneﬁt
seen at any given gaze angle in the static gaze experiment should
switch to the mirror symmetric ﬁnal gaze angle in the dynamic gaze
experiment. Furthermore, should landmarks only be beneﬁcial for
rightward gaze (as we expect), this switching would cause small
landmark beneﬁts in the static gaze experiment to become associ-
ated with larger beneﬁts in the dynamic gaze experiment and vice
versa in the matching procedure described above. This would lead
to a set of data points that demonstrate a negative correlation
coefﬁcient.
Before presenting detailed results, it should be noted that land-
marks were present throughout reach during all trials in which
they appeared. Given the speciﬁc geometry of our target/landmark
display, it is likely that a subject’s hand would obscure one or more
of the landmarks near reach completion in these trials. Although
subjects would have no way of knowing which part of their hand
was obscuring a landmark, it is still conceivable that this non-spe-
ciﬁc feedback could have affected reaches in the presence of land-
marks. We performed additional analysis in the static gaze
experiment to demonstrate that this was unlikely to be responsible
for our results. These analyses will be described below, as their lo-
gic depends on the speciﬁc results from our main analysis.3. Results
3.1. Static gaze experiment
Sample raw eye movement and reaching trajectories are shown
in Fig. 2 for the static (and dynamic) gaze experiments. For the static
example reach in the presence of landmarks appears to terminate
closer to the actual reach target before the subject subsequently
adjusts their response. In the endpoint determination procedure
described above, the endpoint occurring before this adjustment
would be recorded. For the dynamic example, reach is clearly more
veridical in the presence of landmarks.
In order to demonstrate that subjects demonstrated a robust
RME in the absence of landmarks we present raw mean reaching
errors from the no-landmark condition as a function of gaze angle
separately for each subject in Fig. 3A. In Fig. 3B we present trans-
formed mean reach errors, calculated by subtracting a subject’s
mean reach error at the 0 gaze angle from all of their other reach-
ing responses, from the no-landmark condition as a function of
gaze for each subject. In both ﬁgures it is clearly seen that when
gaze is directed to the right of the reach target (positive gaze an-
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Fig. 2. (A) Sample raw horizontal eye (thin lines) and ﬁnger (thick lines) traces from the static gaze experiment for one subject. Grey lines correspond to a no-landmark trial,
while black lines correspond to a landmark-present trial. Eye traces are in eccentricity as a function of time, while ﬁnger traces are eccentricity of the ﬁngertip as projected
onto the display screen as a function of time. The grey rectangle represents the location and time period during which the ﬁxation dot was present. The yellow rectangle
represents the location and time period during which the target was visible, while the dashed blue rectangular regions represent the time periods during which the
landmarks were visible (on landmark-present trials). (B) The same eye and hand traces as viewed from the subject’s perspective. The yellow disc with dashed outline
represents the target location. (C and D) Conventions identical to (A and B), but sample trials from the same subject were taken from the dynamic gaze experiment.
P.A. Byrne et al. / Vision Research 50 (2010) 2661–2670 2665gles), subjects overreached to the left and vice versa. Since subjects
showed a relatively consistent pattern, and at no gaze angle did
more than a single subject fail to produce the expected RME biases,
we henceforth show means calculated across subjects.
Between-subjects means for reaching error in the static gaze
experiment are shown in Fig. 4A as a function of horizontal gaze
angle and landmark condition. Visual inspection reveals a right-
ward reaching bias when gaze was held to the left of the target,
and vice versa. Consistent with this, the ANOVA performed on
the full reaching error dataset demonstrated a signiﬁcant main ef-
fect of gaze angle on reach error (F(4, 32.05) = 25.07, p = 2  109).
Consistent with our hypothesis, a signiﬁcant interaction between
gaze angle and landmark condition was also found
(F(4, 32.67) = 5.32, p = 0.002), indicating that the difference in
reach errors between no-landmark and landmark conditions varied
across gaze angles. No other signiﬁcant effects involving landmark
condition or gaze angle were found.
Paired samples t-tests revealed that landmarks had a signiﬁcant
effect on subjects’ mean reach error only at a gaze angle of +8 (nolandmark: 2.5 ± 0.8, landmark: 1.1 ± 0.6, pcorr = 0.008). The
results of this comparison do not imply directly that subjects’
reaches were more veridical with rightward gaze, only different.
Thus, we calculated absolute mean reach errors for each subject
in each landmark condition/gaze angle conjunction (see Fig. 4B).
Paired samples t-tests indicated that subjects’ absolute mean reach
errors were smaller in the presence of landmarks for the 0 (no
landmark: 1.4 ± 0.4, landmark: 1.0 ± 0.3, pcorr = 0.030), the +8
(no landmark: 2.9 ± 0.5, landmark: 1.6 ± 0.4, pcorr = 0.014) and
the +15 (no landmark: 3.3 ± 0.5, landmark: 2.5 ± 0.5,
pcorr = 0.010) gaze angles.
Transformed between-subjects mean reaching errors and be-
tween-subjects absolute mean reaching errors were calculated by
subtracting mean reach error for each subject at the 0 gaze angle
from all reaching endpoints, but separately for each landmark con-
dition. These results are shown in Fig. 4C and D. Repeating the
above paired comparisons on this dataset revealed a signiﬁcant ef-
fect of landmarks on mean reach error the +8 gaze angle (no land-
mark: 3.8 ± 0.7, landmark: 2.1 ± 0.5, pcorr = 0.001), and on
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3.8 ± 0.7, landmark: 2.1 ± 0.5, pcorr = 0.001), with a strong trend
in the latter at +15 as well (no landmark: 3.8 ± 0.7, landmark:
3.1 ± 0.5, pcorr = 0.071). This conﬁrmation of our initial results
leads us to conclude that landmarks did not inﬂuence reaches per-
formed with rightward gaze by inducing symmetric left and right
effects combined with an additional rightward reaching bias.
In order to determine whether impoverished visual feedback of
the hand, produced when some part of the hand blocked a land-
mark from direct vision, affected reaches in trials with landmarks,
we ﬁrst attempted to see if the landmark-speciﬁc effects on reach
appeared in the reach trajectory prior to reach completion. We
used IRED coordinates sampled throughout motion to calculate
the screen-relative horizontal ﬁnger position (in cm) at each frame
of the reach trajectory. From these coordinates we once again cal-
culated between-subjects mean reaching error for each landmark
condition/gaze angle conjunction. Paired t-tests revealed a signiﬁ-
cant effect of landmarks on mean reach error at least as long as
200 ms before reach completion, but only at the +8 gaze angle
(no landmark: 3 ± 2 cm, landmark: 0.2 ± 2 cm, pcorr = 0.011 for
the comparison at +8 and 200 ms before reach completion. Note:
at this time point, data from only 8 subjects was available because
the IREDs on one subject’s ﬁnger were not reliably visible at this
time). Thus, given that visual feedback from the hand has been
shown to take 150 ms or more (Saunders & Knill, 2003) to affect
reach trajectory, we can be sure that if such feedback were respon-
sible for the landmark effects we have observed, it must have orig-
inated from at least 200 + 150 = 350 ms before reach completion.Hence, we created a reduced dataset by removing any trials in
which the hand could have obstructed vision of a landmark before
350 ms prior to reach completion. After recalculating mean reach
errors from this reduced dataset, we again found a signiﬁcant dif-
ference between landmark conditions at a gaze angle of +8
(pcorr = 0.03). We conclude that any impoverished visual feedback
from the hand was not responsible for the gaze angle-speciﬁc land-
mark effects we have found.
3.2. Dynamic gaze experiment
Between-subjects means for reaching error are shown in Fig. 5A
as a function of ﬁnal horizontal gaze angle and landmark condition.
Visual inspection reveals a rightward reaching bias when ﬁnal gaze
was held to the left of the target, and vice versa. Consistent with
this, the ANOVA performed on the full reaching error dataset dem-
onstrated a signiﬁcant main effect of ﬁnal gaze angle on reach error
(F(4, 32.08) = 21.56, p = 1  108). A signiﬁcant interaction be-
tween ﬁnal gaze and landmark condition was also found
(F(4, 33.25) = 6.93, p = 0.0004), indicating that landmarks affected
reach error in a gaze-dependent fashion. No other signiﬁcant ef-
fects involving landmark condition or ﬁnal gaze angle were found.
Paired samples t-tests revealed that landmarks had a signiﬁcant
effect on subjects’ mean reach error only at a ﬁnal gaze angle of +8
(no landmark: 2.7 ± 0.4, landmark: 1.6 ± 0.3, pcorr = 0.009),
with a strong trend at the +15 angle (pcorr = 0.064). Absolute mean
reach errors for each subject in each landmark condition/gaze an-
gle conjuction are shown in Fig. 5B. Paired samples t-tests indi-
cated that subjects’ absolute mean reach errors were smaller in
the presence of landmarks at the +8 (no landmark: 2.7 ± 0.4,
landmark: 1.6 ± 0.3, pcorr = 0.009) ﬁnal gaze angle. As in the no-
landmark condition of the static gaze experiment, not more than
a single subject deviated from the RME expectations at a given ﬁnal
gaze angle in the no-landmark condition of this experiment.
Transformed between-subjects mean reaching errors and be-
tween-subjects absolute mean reaching errors were calculated by
subtracting mean reach error for each subject at the 0 ﬁnal gaze
angle from all reaching endpoints, but separately for each land-
mark condition. These results are shown in Fig. 5C and D. Repeat-
ing the above paired comparisons on this dataset revealed a
signiﬁcant effect of landmarks on mean reach error at the +8
(no landmark: 3.4 ± 0.5, landmark: 2.5 ± 0.4, pcorr = 0.004),
and at the +15 (no landmark: 3.3 ± 0.6, landmark: 2.4 ± 0.7,
pcorr = 0.018) ﬁnal gaze angles, and on absolute mean reach errors
at the +8 ﬁnal gaze angle (no landmark: 3.4 ± 0.5, landmark:
2.5 ± 0.4, pcorr = 0.004).
3.3. Between experiment comparison
In these experiments we have shown that the reaching
improvement imparted by visual landmarks seems to be depen-
dent upon gaze direction at the time of reaching response, which
is consistent with the combination after eye movement hypothesis.
In order to demonstrate this quantitatively, we plotted the differ-
ence in RME between landmark and no-landmark trials (landmark
beneﬁt) at each ﬁnal gaze angle in the dynamic gaze experiment
against the same quantity from the static gaze experiment. The
resulting data is shown in Fig. 6A and B, is most consistent with
a lack of updating of the landmark effect. To quantify this more
precisely, we note that if landmarks reduce RME only for rightward
gaze angles in the static gaze experiment, then data points in Fig. 6
should lie on the unity line for combination at reach, but on the
negative horizontal and vertical axes for combination before reach.
Thus, correlation coefﬁcients calculated from the data in Fig. 6
should be positive in the former case (combination only at reach)
and negative in the latter. Between-subjects mean correlation coef-
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tively) were found to be 0.52 ± 0.09 and 0.54 ± 0.08. After Fisher
r-to-z transforming the individual correlation coefﬁcients, the be-
tween-subjects means were both found to be signiﬁcantly greater
than zero, with p = 0.0006 and 0.0003, respectively. This is consis-
tent with the combination at reach hypothesis.
One might initially object to the correlation analysis performed
above based on the fact that comparisons between landmark and
no-landmark conditions at only the +8 (ﬁnal) gaze angle were con-
sistently signiﬁcant. However, had the strong trends at the +15 (ﬁ-
nal) gaze angle gone in one direction for the static gaze experiment
and in the opposite direction for the dynamic gaze experiment (as it
turned out landmarks tended to be beneﬁcial in both experiments
at this angle), it could have easily countered the +8 data point and
eliminated the signiﬁcant positive correlation.4. Discussion
Although many studies have investigated the brain’s relative
reliance on egocentric and allocentric visual information when
guiding reach, little attention has been paid to the timing of any
putative combination. Here we have shown that visual landmarks
can reduce retinal magniﬁcation error by making right-handed
reaches by right-handed subjects systematically more veridical
when gaze is directed to the right of the target. Our results forthe +15 gaze angle were not as clear as those for the +8 angle,
possibly because reaches tended to be slightly more variable at
the higher eccentricities. This left–right asymmetry in reliance on
allocentric information, which has also been noted by others under
different circumstances (e.g. Gentilucci et al., 1997; Ittyerah et al.,
2007), provided us with a potential tool to investigate the timing of
egocentric–allocentric combination when spatial updating is in-
volved. In particular, we found that RME reduction in the presence
of landmarks did not ‘update’ across eye movements. Thus, we
conclude that the brain waits until after completion of eye move-
ments to integrate egocentric and allocentric information in this
situation.
Of course, it is possible that gaze-centered egocentric and gaze-
independent allocentric sources of information are combined at
the time of encoding in some other non-gaze-centered reference
frame. If this is the case, then we would have expected one of
two outcomes. First, if the presence of landmarks caused egocen-
tric and allocentric information to be processed and combined by
an entirely different set of neural circuitry than that which gener-
ates RME, then would have expected to see no RME at all. Our re-
sults show that landmarks did not eliminate the RME, but only
reduced it when gaze was directed to the right of the target. Sec-
ond, if the combination happened at the time of encoding, but
downstream of the neural circuitry that gives rise to RME, we
would have expected to ﬁnd no updating of RME itself in the dy-
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did see RME in our data, and although landmarks reduced it in
an asymmetric fashion, data in the landmark-present condition
of the dynamic gaze experiment did present with an updated
RME (i.e. overall RME was relative to ﬁnal gaze).
As an alternate interpretation of our data, it is possible that ego-
centric–allocentric combination occurred at the time of encoding,
but that the brain used a different combination rule in the dynamic
gaze experiment because it ‘‘knew” the gaze shift would occur be-
fore reach. Although we cannot fully rule out this possibility, we
tentatively reject it because it implies that the brain simply
‘‘chooses” – based only on where the eyes will be pointed at the
time of reach – to ignore good information that could improve per-
formance. This would be inconsistent with the vast body of litera-
ture showing that the brain tends to combine multiple sources of
information in a statistically optimal fashion (e.g. Battaglia, Jacobs,
& Aslin, 2003; Blake, Bulthoff, & Sheinberg, 1993; Brouwer & Knill,
2009; Ernst & Banks, 2002; Knill, 2007; Niemeier, Crawford, &
Tweed, 2003; Vaziri, Diedrichsen, & Shadmehr, 2006). This latter
fact has even been demonstrated by us in the speciﬁc case of ego-
centric–allocentric combination (Byrne & Crawford, 2010).
Various other studies have indirectly or implicitly examined
the timing of interactions between egocentric and allocentric
information. For example, numerous studies have shown that
memory-guided reaching can be accomplished based upon purely
egocentric (see introduction) or purely allocentric information (e.g.Byrne & Crawford, 2010; Chen, Byrne, & Crawford, 2009; Lemay,
Bertram, & Stelmach, 2004; Schenk, 2006; Thaler & Todd, 2009).
Thus, both types of information can be maintained over delay peri-
ods. However, when egocentric and allocentric information are
both available at encoding but landmarks are absent at response,
allocentric information seems to be combined with egocentric
information immediately (Hay & Redon, 2006; Obhi & Goodale,
2005; Redon & Hay, 2005). Consistent with this, recent data from
our lab also suggest that when only allocentric information is avail-
able to guide reach, it is converted into egocentric information as
soon as possible in forming the reach plan (Chen et al., 2009).
As a counterexample we consider our previous study (Byrne &
Crawford, 2010). In this series of experiments we presented visu-
ally-ﬁxated subjects with a to-be-remembered visual target in
the presence of landmarks. During a memory delay, subjects had
to make either a small or large amplitude gaze-shift, after which
the landmarks reappeared without the target, but in a subtly
shifted location. Reaching biases introduced by the shifted land-
marks were quantitatively in agreement with the prediction of a
reliability-dependent weighting model that was parameterized
on response variability from control experiments. Thus, the reap-
pearance of landmarks without the to-be-remembered target did
inﬂuence reach, suggesting that allocentric information is not sim-
ply mixed into the overall estimate of target location and then dis-
carded. Of course, in our experiment the reappearance of
landmarks in a location slightly displaced from the original may
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even if this inconsistency was not consciously perceived. This pos-
sibility would be consistent with other experimental ﬁndings in
which sudden, unperceived changes in the visual environment af-
fected motor behaviour (e.g. Cressman, Franks, Enns, & Chua, 2007;
Saunders & Knill, 2003). Although the saccade in our dynamic gaze
experiment changed the retinal location of landmarks between
encoding and response, it is well-known that the brain accounts
for such self-generated changes, and that they can even be useful
in accurate perception (e.g. Hafed & Krauzlis, 2006). Thus, since
unexpected changes did not occur in the current series of experi-
ments, we believe that our results do, indeed, demonstrate that
the brain can and does hold off on egocentric–allocentric combina-
tion when it is beneﬁcial to do so.
Our ﬁndings in this work depend upon the apparently asym-
metric effects of visual landmarks on RME, thus begging the ques-
tion of their origins. Here we provide a speculative account of how
such effects might arise, implicitly assuming that left-handed indi-
viduals, or individuals reaching with their left hand would have
shown a similar pattern of results to what we observed here. Since
Goodale and Milner (1992) introduced their inﬂuential action-per-
ception model, posterior parietal regions in the so-called dorsalvisual stream have become associated with visually-guided action,
while temporal regions in the ventral stream have become associ-
ated with visual perception. However, various emerging lines of
evidence suggest that the dorsal stream works with egocentric vis-
uospatial information, while the ventral stream deals more with
allocentric information – whether for action or perception (Carey,
Dijkerman, Murphy, Goodale, & Milner, 2006; Schenk, 2006). Fur-
thermore, egocentric information appears to undergo updating
across eye movements such that representations of visual target
location switch from one cerebral hemisphere to the other if the
corresponding eye movements bring the target location from one
visual hemiﬁeld to another (e.g. Duhamel, Colby, & Goldberg,
1992; Medendorp, Goltz, Vilis, & Crawford, 2003; Merriam et al.,
2003). It has been shown that allocentric information might under-
go similar updating (Bremmer, 2000; Merriam, Genovese, & Colby,
2007). Thus, it seems reasonable to assume that egocentric and
allocentric information are maintained in a hemispherically sym-
metric fashion.
One possible hint as to where asymmetry might enter into the
egocentric–allocentric combination process comes from the fact
that allocentric information must eventually enter the ‘dorsal
stream’ parieto-frontal loop in order to inﬂuence motor behaviour
(interestingly, Crowe, Averbeck, and Chafee (2008) may have seen
hints of this process in single unit recordings from area 7a). It may
be the case that this combination process is more lateralized. Con-
sistent with this, Faillenot, Decety, and Jeannerod (1999) have
shown that both a shape-matching task and a pointing task, in
which subjects had to point to the center of a complex object, pref-
erentially activated right parietal areas. Both of these tasks were
implicitly allocentric in nature as they involved judging where
some part(s) of a complex object were relative to other parts. Sim-
ilarly, Galati et al. (2000) had subjects judge the location of a ver-
tical bar relative to another horizontal bar (allocentric task) or
relative to their ownmidline (egocentric task). Both tasks activated
fronto-parietal circuitry, but the allocentric task was relatively
more lateralized to the right hemisphere. Interestingly, even in
tasks where egocentric or allocentric spatial relationships are de-
scribed verbally, descriptions of allocentric spatial relationships
tend to activate right lateralized parietal circuitry (Zaehle et al.,
2007). Various other neuroimaging studies have also shown right
parietal regions to play a special role in allocentric/conﬁgural pro-
cessing (e.g. Fink et al., 2003; Weiss et al., 2006). In contrast, left
fronto-parietal circuitry tends to be more involved with spatiotem-
poral integration and the direct controlling of motor actions (e.g.
Assmus, Marshall, Noth, Zilles, & Fink, 2005; Weiss et al., 2001).Acknowledgments
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